The 56th residue of ribosomal protein L42 (Rpl42) determines the sensitivity of yeast cells to the antibiotic cycloheximide (CYH). In this study, we identified the relationship between the 56th residue of Rpl42 and the function of the ribosome by site saturation mutagenesis. The resulting 20 RPL42 mutants harbouring one of 20 amino acids at the 56th residue were classified into five groups: sensitive to CYH (RPL42aP); weak resistance (RPL42aA, RPL42aM, RPL42aC, RPL42aN, RPL42aD, RPL42aS and RPL42aT), moderate resistance (RPL42aL, RPL42aI, RPL42aV, RPL42aG and RPL42aH), and strong resistance (RPL42aQ, RPL42aE, RPL42aR and RPL42aK) to CYH; and non-functional (RPL42aF, RPL42aY and RPL42aW). Three RPL42a mutants from each group, RPL42aA, RPL42aL and RPL42aQ, were used as CYH-resistant selection marker genes for the sequential transformation of CYH-sensitive yeast. A series of RPL42 mutants conferring different levels of resistance to CYH should be useful for the dose-dependent multiple selection of prototrophic industrial yeasts.
INTRODUCTION
Cycloheximide (CYH) is an antibiotic that is most commonly used as a laboratory reagent for inhibiting eukaryotic protein synthesis. CYH binds to the ribosome and blocks the translocation of peptidyl-tRNA from the A site to the P site on the 60S ribosomal subunit (Obrig et al. 1971) . Although the precise mechanism of action remains incompletely understood, several ribosomal proteins related to CYH sensitivity have been identified. A mutant Rpl28 of Saccharomyces cerevisiae containing a single amino acid change at the 37th residue results in low level resistance to CYH (<10 μg mL −1 ) (Kaufer et al. 1983) . In contrast, several yeasts, such as Kluyveromyces lactis, Schwanniomyces occidentalis and Candida maltosa, exhibit a high level of resistance to CYH (>1 mg mL −1 ) (Kawai et al. 1992; Dehoux, Davies and Cannon 1993; Del Pozo et al. 1993) . The high-level resistance of these strains to CYH results from a single amino acid change from a proline to a glutamine at the 56th residue of the Rpl42 protein ( Fig. S1 , Supporting Information). In addition, methylation at the lysine at the 55th residue is required for CYH resistance in Schizosaccharomyces pombe (Shirai et al. 2010) . Thus, the identity of the 56th amino acid residue and post-translational modification of the lysine at the 55th residue of Rpl42 are critical for CYH sensitivity and ribosome function. Based on the dramatic change in CYH sensitivity induced by a single amino acid change, RPL42 has been previously used as a dominant selection maker after substituting the proline at residue 56 with glutamine in CYH-sensitive yeasts (Kondo et al. 1995; Kim et al. 1998; Bae et al. 2003; Hong et al. 2013) . Interestingly, two naturally occurring mutant versions of Rpl42 containing a leucine and a serine at the 56th residue instead of glutamine were found to also confer CYH resistance and have been used as a selection marker in Cryptococcus neoformans (Varma and Kwon-Chung 2000) and Chlamydomonas reinhardtii (Stevens et al. 2001) . Despite the low transformation efficiency of RPL42 encoding leucine at the 56th residue in C. neoformans, the transformation efficiency was not compared between RPL42 with leucine and glutamine (Varma and Kwon-Chung 2000) . Furthermore, although RPL42 encoding leucine was demonstrated to confer stronger resistance to CYH than that encoding serine in C. reinhardtii, the genetic transformation using RPL42 encoding leucine was not successful (Stevens et al. 2001) .
While the molecular mechanism by which translation elongation is inhibited by CYH has attracted considerable attention, the effects of different amino acids at the 56th residue of Rpl42 on CYH sensitivity and ribosome functioning have not been studied. Therefore, in this study, we aimed to elucidate the relationship between the amino acid at the 56th residue of Rpl42 and CYH resistance. This information should be useful for the development of a dose-dependent genetic transformation system for industrial prototrophic and polyploid yeasts.
MATERIALS AND METHODS

Strains and media
The haploid yeast S. cerevisiae 2805 (Mat α pep4::HIS3 prb1 can1 his3-200 ura3-52) (Choi et al. 1994 ) was used as the general host for gene expression. All yeast transformations were performed using the lithium acetate method (Gietz et al. 1995) . To assess CYH sensitivity, yeasts were grown on YPD (1% yeast extract, 2%
Bacto-peptone and 2% glucose) media containing various concentrations of CYH. The general selection of yeast transformants was performed using SD-uracil plate medium (0.67% yeast nitrogen base without amino acids, 2% glucose, 0.077% uracil dropout supplement and 2% agar (Choi et al. 1994) (Fig. 1) . Three yeast integration vectors, pL42aA, pL42aL and pL42aQ, containing RPL42a genes mutated at the 56th residue to alanine, leucine and glutamine, respectively, and also containing a GAL7 terminator were constructed by subcloning of the RPL42a gene, amplified from episomal expression vectors YL42aA, YL42aL and YL42aQ, respectively, using specific sense primers (L42A: 5 -CACTCGAGACGTACTGTCTAGTAACGCCATTGCAG-3 , L42L: 5 -CACTCGAGCGTAGTCTAGTAGTAACGCCATTGCAG-3 , and L42Q: 5 -CACTCGAGATCCTAGCACTAGTAACGCCATTGCAG-3 , respectively) containing XhoI sites and a common antisense primer (H3: 5 -ATCGCGGCCGCATGTGTCAGATGTCACAG-3 ) containing a NotI site into the pBluescriptII KS + vector (Agilent Technology Inc., La Jolla, CA, USA). To discriminate among 
Site saturation mutagenesis
Mutant RPL42a genes were constructed by overlap extension PCR using the following primers. The promoter and 5 region of the RPL42a gene were amplified with L42aF and the antisense primer H2, and the 3 region was amplified with a degenerate sense primer (H1: 5 -TTCGGTGGTCAAACCAA GNNSGTTTTCCACAAGAAAGCTAAG-3 ) and the L42aR primer from the YL42aP vector. The amplified PCR fragments were annealed into a single fragment by overlap extension PCR using the L42aF and L42aR primers and were subcloned into the YL42aP vector after digestion with KpnI-SalI (Fig. 1) . Twenty expression vectors, each encoding a different amino acid at the 56th residue of Rpl42a, were obtained by direct sequencing of randomly selected plasmids.
Strain engineering for identification of non-functional RPL42a mutants
To construct a strain expressing only the RPL42a gene under the control of the GAL10 promoter, the chromosomal RPL42b gene was disrupted by one-step gene replacement with the S. cerevisiae URA3 pop-out cassette flanked by a direct repeat of a 190-bp fragment containing the tetracycline resistance gene (Tc190) (Bae et al. 2004) . To remove the URA3 pop-out cassette from the integrated locus, uracil auxotrophic strains were selected on minimal medium containing 5-fluoroorotic acid (5-FOA) (Fig. 3A) . Gene deletion was confirmed by PCR using genomic DNA from the transformants. The promoter of the chromosomal RPL42a gene was replaced with the GAL10 promoter using a similar method. The GAL10 promoter was annealed to the 3 end of the URA3 pop-out cassette by PCR, and this PCR product was re-amplified to add 40 bp of the RPL42a promoter sequence at the 5 end of the URA3 pop-out cassette and 40 bp of RPL42a coding sequence beginning at the initiation codon to the 3 end of the GAL10 promoter. The RPL42b mutant strain was transformed using this PCR product, and the URA3 pop-out cassette was removed by selection on 5-FOA medium (Fig. 3A) .
RESULTS
Analysis of site-saturated RPL42a mutants
Saccharomyces cerevisiae contains two copies of the RPL42 gene: RPL42a and RPL42b. The amino acid sequences of these proteins are completely identical, but the promoter, terminator and intron sequences are not conserved. The RPL42a gene was cloned with its own promoter into a yeast multicopy vector. Twenty expression vectors, each encoding a different amino acid at the 56th residue of RPL42a, were constructed by site saturation mutagenesis (Fig. 1) . These vectors (named YL42aX, where X indicates the single-letter abbreviation for the amino acid at the 56th residue of Rpl42a) were each introduced into the wild-type S. cerevisiae strain 2805.
To verify the effect of each amino acid at the 56th residue of Rpl42a on CYH resistance, transformants cultivated in SD-uracil broth were serially diluted with distilled water and spotted on YPD plates containing various concentrations of CYH (Fig. 2) . As expected, yeast transformed with YL42aP did not grow on plates containing any concentration of CYH, from 1 to 50 μg mL −1 . According to their growth on YPD plates containing different concentrations of CYH, 16 transformants were classified into three groups: weak resistance (YL42aA, M, C, N, D, S and T), moderate resistance (YL42aL, I, V, C and H), and strong resistance (YL42aQ, E, R and K) to CYH, as summarised in Table 1 . YL42aQ showed the highest resistance to CYH, even among the strong resistance group. These results clearly show that CYH resistance is determined by the amino acid at the 56th residue of Rpl42. From 
Non-functional L42 mutants
Three transformants harbouring mutant RPL42a genes encoding aromatic amino acids at the 56th residue (YL42aF, Y and W) showed similar growth patterns as YL42aP but were suspected to be non-functional rather than CYH-sensitive. Because wildtype S. cerevisiae contains two functional chromosomal RPL42 genes (RPL42a and RPL42b) encoding proline at the 56th residue, the phenotypes induced by the overexpression of RPL42a mutants from transformed plasmids would not be detected if these mutants were non-functional. To verify the function of YL42aF, Y and W, a yeast strain was constructed to control the expression of the genomic RPL42 genes. Because the dual knockout of RPL42a and RPL42b is lethal, RPL42b was inactivated using a URA3 pop-out cassette, and then the promoter of RPL42a was replaced with the galactose-inducible GAL10 promoter. This strain (GAL10-RPL42a, rpl42b) can survive only in YP + galactose medium, which induces the expression of RPL42a (Fig. 3A) . The YL42aP, Q, F, Y and W plasmids were introduced into this strain, and the transformants were selected on SD-uracil plates containing galactose. An equal number of colonies from each transformant were spotted on YP + galactose or glucose media after serial dilution (Fig. 3B) . The growth defect of the host strain on glucose medium was recovered by the expression of YL42aP and Q from the transformed vectors. In contrast, expression of the YL42aF, Y, W and mock vectors did not support the growth of the host strain. This result clearly demonstrates that Rpl42aF, Rpl42aY and Rpl42aW are non-functional. Based on these results, the 20 RPL42 mutants encoding different amino acids at the 56th residue were classified into five groups, as summarised in Table 1 .
Mutant RPL42 as a consecutive antibiotic selection marker
Unlike yeast S. cerevisiae which contains the stably replicating 2-micron plasmids, most industrial yeasts do not contain stable plasmids. The genetic modification of industrial yeasts must therefore be performed by chromosomal integration using homologous or non-homologous recombination. With the methods, the frequency of integration is generally very low. Moreover, the introduction of multiple genes into the chromosome is considerably more difficult and time-consuming. Mutant RPL42 genes resulting in different levels of CYH resistance could be useful for the chromosomal integration of multiple genes via homologous recombination.
To test this, we selected YL42aA, YL42aL and YL42aQ, encoding mutant RPL42a genes from the weak, moderate and strong resistance groups, respectively. To integrate these into the chromosome, integration vectors were constructed by subcloning the RPL42aA, L and Q genes into the pBluescriptII KS vector, resulting in the plasmids pL42aA, pL42aL and pL42aQ, respectively (Fig. 4) . Because the RPL42aA, L and Q genes differ at only three bases at the 56th codon, barcode sequences were incorporated into the sense primers in order to easily discriminate between the genes using PCR. For integration into the chromosomal RPL42a locus, the plasmids were linearised with SmaI, located in the promoter region of the RPL42a gene, before transformation. The S. cerevisiae wild-type strain was first transformed with pL42aA, and transformants were selected on YPD media containing 1, 2 and 10 μg mL −1 CYH. Unlike in the spot test, however, 1 μg mL −1 CYH was not sufficient for direct selection of CYH-resistant transformants, and 10 μg mL −1 CYH was too high for selecting RPL42aA transformants. In contrast, dozens of transformants were acquired using 0.1 μg of linearised pL42aA on YPD plates containing 2 μg mL −1 CYH. Ten colonies were analysed by colony PCR using the RPL42aA-specific barcode primer, A-code, and a common antisense primer, H2 (Fig. S2 , Supporting Information). All of the tested colonies contained the RPL42aA gene (data not shown). One of these confirmed transformants was transformed with the linearised pL42aL vector, and the resulting transformants were selected on YPD media containing 10 and 20 μg mL −1 CYH. In this case, 20 μg mL −1 CYH was too high to select transformants directly, while dozens of colonies were formed on YPD plates containing 10 μg mL −1 CYH. Ten colonies were confirmed using colony PCR with the RPL42aL-specific barcode primer, L-code, and a common antisense primer, H2. Nine of the ten colonies (90%) were confirmed to contain the RPL42aL gene. Finally, one of these confirmed colonies was transformed with the linearised pL42aQ vector. Transformants were selected on YPD media containing 50 and 100 μg mL −1 CYH. A similar number of colonies were formed on both plates. The RPL42aQ gene was detected in all tested colonies by colony PCR with the RPL42aQ-specific barcode primer, Q-code, and a common antisense primer, H2. To compare the CYH resistance of the transformants obtained at each step, cells were spotted on YPD plates containing 1, 10 and 50 μg mL −1 CYH (Fig. 4) . While we did not identify the integration locus and copy number of the transformed RPL42a genes, CYH resistance was increased at each step via the sequential introduction of the RPL42aA, L and Q genes. Because of the use of single-copy integration and dominant selection against antibiotics, the transformation efficiency was considerably lower than that observed with episomal multicopy vectors containing auxotrophic markers; however, transformation efficiency was maintained throughout all stages of the experiment.
DISCUSSION
Rpl42 is a ribosomal protein that confers CYH resistance. The amino acid sequence of Rpl42 is highly conserved from higher eukaryotes to yeast. Homology is particularly high in the vicinity of the 56th residue, which is known to be the determinant of CYH sensitivity or resistance. In all cases reported, CYH resistance results from the substitution of proline with glutamine, leucine or serine at this residue. In this study, we identified the effects of all possible amino acids at the 56th residue of Rpl42 on CYH resistance by site saturation mutagenesis. RPL42 mutants were classified into five groups according to their CYH resistance. As expected, proline was the sole residue sensitive to CYH, and glutamine was the most resistant residue. Yeast strains containing only the RPL42a gene in which the 56th residue was changed to an aromatic amino acid (Phe, Tyr or Trp) were unable to survive. Although the expression of Rpl42 mutant proteins containing these amino acids could not be confirmed, this implies that mutations of the 56th residue to aromatic amino acids severely damage the stability or function of Rpl42, resulting in non-functional ribosome assemblies. In contrast, RPL42a mutants encoding charged amino acids (Glu, Lys and Arg, but not Asp or His) at the 56th residue showed strong resistance to CYH, comparable to that of glutamine, while Rpl42 containing aspartic acid and histidine showed weak and moderate resistance to CYH, respectively. Because asparagine is very similar to glutamine, which exhibited the strongest resistance, we expected that this amino acid would also exhibit strong resistance to CYH; however, this amino acid was classified into the weak resistance group with the remaining polar amino acids (Ser, Thr and Cys). CYH prevents the binding of deacylated tRNA by binding to the E-site of the 60S subunit of the eukaryotic ribosome in a pocket formed by the 25S rRNA and a segment of Rpl42 (Garreau de Loubresse et al. 2014) . Therefore, CYH competes with the tRNA CCA-end for binding to the E-site of the 60S subunit (Schneider-Poetsch et al. 2010 ). While we did not compare the structures of the Rpl42 mutants or their binding affinities to CYH, we speculate that mutation of the 56th residue of Rpl42 to a large or charged amino acid causes steric hindrance that weakens the binding affinity to CYH. However, there are some exceptions to this rule, such as aspartic acid, histidine and asparagine.
Using the broad range of CYH resistance exhibited by the RPL42a mutant genes, a consecutive transformation system was constructed. Three RPL42a mutant genes selected from the weak, moderate and strong resistance groups were used as consecutive selection markers increasing the concentration of CYH at each transformation step. To test this system under similar conditions as those required for non-Saccharomyces strains, for which episomal expression systems cannot be used, transformation was performed using a chromosomal integration system. The RPL42 gene is particularly useful as a selection marker for the transformation of industrial yeasts as it uses its own transcriptional machinery, unlike heterogeneous dominant selection markers that require the installation of proper promoter and terminator sequences. Thus, it is generally necessary to express several genes for selection in an industrial yeast, since a marker recycling system is not available in these yeasts.
Our results showed that the mutant RPL42 genes developed in this study can be used as a three-tiered transformation marker by using the proper concentrations of CYH, and this gene can therefore serve as a chromosomal integration target.
